ABSTRACT -Cyclopiazonic acid (CPA), a novel specific inhibitor of Ca t+-ATPase in muscle sarcoplasmic reticulum, shortened the Ca 2+ -dependent after-hyperpolarization (AHP) following a spike in the rat superior cervical ganglion. This inhibitory effect was reversible and dependent on concentrations between 1 and 5 ,UM. The AHP in the presence of 5,uM CPA was not depressed further by ryanodine, nor was it affected by repetitive stimulation. These results suggest that CPA inhibits the in tracellular Ca 2+ release, probably due to the depletion of Ca 2+ stores induced by in hibition of the ATP-dependent Ca 2+ pump.
During neuronal excitation, the cytoplasmic Ca2+ concentration is increased by Ca 2+ entry through channels in the plasma membrane and/or Ca 2+ release from intracellular stores. The functional Ca 2+ release from store sites induced by membrane depolarizations or by an application of caffeine has been indicated by Ca 2+ transients in fura-2-loaded cells (1, 2) or by detecting an activation of Ca 2+-activated potassium conductance (3, 4) , e.g., the long lasting after-hyperpolarization following a spike in sympathetic neurons (5) . Certain organelles accumulate Ca2+ in an ATP-depend ent fashion and play a significant role in in tracellular Ca 2+ buffering (6) . The aim of the present study was to examine whether the organelles, which release Ca 2+ to cytoplasm in response to physiological depolarization (ac tion potentials), accumulates the Ca 2+ via Ca 2+-ATPase in neuronal cells. For this pur pose, we examined the effects of cyclopiazonic acid, a mycotoxin produced by certain fungi of the Aspergillus and Penicillium genera, on the spike after-hyperpolarization in the rat superi or cervical ganglion, since this agent was recent ly found to specifically inhibit the C2+-ATPase and Ca2+-transport activities of muscle sarco plasmic reticulum (SR) (7, 8) , without signifi cant effects on the hydrolysis of ATP by the Na+/K+-ATPase, H+/K+-ATPase, mitochon dria) Fl-ATPase, erythrocyte Ca 2+-ATPase, and Mgt+-ATPase of plasma membranes (9) .
Superior cervical ganglia were excised from male Wistar rats weighing 250-300 g. The iso lated ganglion was placed in an organ bath and superfused with saline containing, 137.9 mM NaCl, 4.0 mM KCI, 2.0 mM CaC12, 0.5 MM MgCl2, 12.0 mM NaHCO3, LO MM KH2PO4, and 11.1 mM glucose. The solution was gassed with 5% CO2 and 95%02 and was maintained at pH 7.4. Experiments were car ried out at 35°C. Intracellular recordings were made with glass micro-electrodes containing 3 M KCl and having a resistance between 40 and 60 Mohm. Action potentials were evoked by an anodal current of 4-msec duration across the cell membrane. The current was applied through the recording electrode by use of an active bridge circuit. Data were collected from cells having resting membrane potentials more negative than -50 mV and action potentials greater than 65 mV in peak amplitude. Data acquisition to and analysis on a computer (IBM-PC/AT or compatible) was performed as described previously (5, 10) .
Drugs used were: caffeine anhydride, ryano dine (Wako Pure Chemicals); and cyclopiazo nic acid, apamin (Sigma). Cyclopiazonic acid was dissolved in 100% dimethyl sulfoxide for stock solutions (10 mM) and diluted with the physiological saline to final concentrations. The stock solution was stored at -20°C up to 1 week. The solvent alone did not cause any changes in membrane potentials. Data are ex pressed as means ± S.E.
The action potential was followed by a long-lasting after-hyperpolarization (AHP), which is linked to Cat+-activated K+ conduct ance. As shown in the inset of Fig. 1A (also in Fig. 2A) , the AHP had a fast negative peak (filled triangle) and a slowly-occurring second peak (open triangle). The latter was accentu ated by caffeine and was abolished by ryano dine (data not shown, see ref. 5); these agents are known to accelerate and inhibit the in tracellular Ca 2+ release, respectively. There fore, this biphasic wave-form of the AHP is suggested to be attributable to two different mechanisms for an increase in intracellular Ca 2+ concentration, the Ca 2+ influx from ex tracellular space via voltage-dependent Ca 2+ channels during an action potential and the in tracellular Ca 2+ release from caffeine-sensitive store sites via the mechanism of Ca2+-induced Ca 2+ release (5) . Because of the biphasic na ture, changes in the AHP were assessed by the area of membrane potential more negative than the resting membrane potential. Figure 1A shows the typical time course of the effects of 5,uM cyclopiazonic acid (CPA) on the area of AHP when the stimulation was applied at 0.033 Hz. After an application of CPA, the area of AHP was gradually and dra matically reduced and reached a steady level within 5 min. This inhibition was recovered by washing the tissue for 10 min. The slowly occurring second peak of the AHP was not observed in the presence of CPA (Fig. 1A, in  set) . The 50% duration of the AHP, which was measured at 50% amplitude of the fast peak, was significantly decreased by 5,uM CPA from 174.5 ± 15.8 msec to 35.6 ± 8.3 msec (n = 5). The amplitude of the fast peak was not altered (14.7 ± 0.6 mV in the control and 14.5 ± 0.5 mV in the presence of CPA, n = 5). When the frequency of stimulation was increased to 1 Hz (triangle in Fig. 1A ), the area of AHP was reduced nearly to the value obtained in the presence of CPA, due to the abolition of the second peak of the AHP in agreement with previous findings (10) . This reduction in the area of AHP was no longer observed in the presence of CPA.
Next, we examined whether the inhibitory effect of CPA on the AHP developed in a use-dependent manner (Fig. 1B) . In this cell, the inhibition of the AHP by CPA was com pletely achieved within 2 min. After washing the tissue, CPA was administered again but simultaneously the stimulation of the cell was discontinued for 3 min. Maximal effects of CPA were already observed when the stimula tion was resumed. Since the rest period of stim ulation by itself had no effects on the AHP, the results suggest no apparent use-depend ency in the development of the inhibition of AHP by CPA. Similar results were obtained in 3 other cells.
The resting membrane potential and the ac tion potential were not affected by 5,uM CPA. Averaged values of the peak amplitude and the duration of action potentials were 72.2 ± 3.1 mV and 1.2 ± 0.1 msec in the control (n = 5) and 73.3 ± 3.5 mV and 1.2 ± 0.1 msec in the presence of CPA (n = 5), respec tively. Figure 2A shows the effects of ryanodine and apamin on the AHP in the presence of CPA. This series of experiments was per formed in the presence of 1 mM caffeine in order to facilitate the intracellular Ca 2+ re lease. CPA (5 MM) reduced the area of AHP to a similar extent to that seen in Fig. 1 . The reduction of AHP by repetitive stimulation at 1 Hz also disappeared in the presence of CPA. Slight or no further substantial reduction of the area of AHP was observed by 5 u M ryanodine, but the residual area was nearly abolished by 0.1 uM apamin. The configura tion of the AHP in the presence of CPA was not altered by ryanodine, but significantly shortened by apamin. Similar results were obtained in 3 other cells. Since the concen tration of ryanodine is sufficient to cause its maximum effect (5), these results indicate that CPA inhibits the same component of the AHP as ryanodine does, and it inhibits a part of the apamin-sensitive component of the AHP.
The inhibitory effects of CPA on the area of AHP was dependent on concentrations be tween 1 and 5,uM (Fig. 2B) . The concentra tion for a half inhibition (IC50) was approx imately 2 ,u M. The maximal inhibition caused by CPA was the same magnitude as that caused by 5,uM ryanodine alone. The present study demonstrates that CPA inhibits the AHP following the spike in the rat sympathetic neurons. These effects of CPA had several similarities to that of ryanodine re ported previously in the same tissue (5). First, the inhibitory effect was selective to the AHP, and the configuration of the action potential was not affected. Second, both agents reduced the duration of AHP and abolished the slowly occurring second peak of the AHP which was accentuated by caffeine. Third, the maximal effect on the AHP was a partial inhibition of the apamin-sensitive component, and those caused by CPA and ryanodine were similar in magnitude. Fourth, CPA as well as ryanodine abolished the component of the AHP which was reduced during repetitive stimulation at 1 Hz. It was reported that the depression of the AHP during repetitive stimulations is attrib utable to a decrease in intracellular Ca 2+ re lease due to the depletion of Ca 2+ stores (10) . Fifth, the effects of both agents developed gradually and reached a steady-state within 5 min. This time-course was slower than that of the direct effects of apamin on Ca2+-activated K+ channels (within 1 min, Fig. 2A ) in our perfusion system. Finally, the voltage-depend ent Ca 2+ currents were not affected by CPA (M. Watanabe, M. Suzuki and Y. Imaizumi, unpublished observations) and ryanodine (5) . The inhibitory effect of CPA on the AHP was easily removed by washing, while the recovery from the effects of ryanodine were observed after washing for more than 1 hr (5). This is the only observable difference in features be tween CPA and ryanodine. These results sug gest that CPA and ryanodine have a common mechanism for suppressing the AHP, inhibi tion of the intracellular Ca 2+ release from store sites in rat sympathetic neurons. Lack of additional effects induced by the combination of CPA and ryanodine even in the presence of caffeine supports this suggestion and excludes the possibility that CPA directly blocks a part of the Ca2+-activated K+ channels. Ryano dine locks the Ca2+-release channel to the open sub-state and depletes the Ca 2+ stores (11, 12) . Therefore, CPA is readily expected to deplete Ca 2+ stores by inhibition of Ca 2+ ATPase and consequently to produce effects on the AHP apparently similar to those of ryanodine in sympathetic neurons.
The precise mechanism of action of CPA re mains unclear in neurons. It is reported that CPA specifically inhibits the Ca 2+-ATPase of muscle SR without affecting other ATPases in volved in ion transport across the membrane (9) . In nerve cells and synaptosomes, putative Ca 2+ stores, including the endoplasmic reticu lum and "calciosomes" (13) , have been found to accumulate Ca 2+ in an ATP-dependent fashion very similar, if not identical, to muscle SR (6) . A study using a hybridization probe corresponding to part of the ATP binding site of the SR Ca 2+-ATPase suggests that the Ca 2+-ATPase with nucleotide sequence close ly related to the slow-twitch muscle SR Ca 2+ ATPase is expressed in the brain (14) . It is suggested that the inhibition of ATPase activ ity by CPA may be related to the inhibition of the conformational changes associated with ATP hydrolysis and Ca 2+ transport (9) . In the present study, the IC50 for CPA for inhibiting the AHP is slightly higher than that for in hibiting SR Ca 2+-ATPase, while the maximal inhibition of AHP at 5 ,u M is well-consistent with such biochemical measurements (7, 9, 15) . Therefore, it is very likely that CPA in hibits the ATP-dependent Ca 2+ pump of intra cellular store sites in sympathetic neurons. Since a use-dependent effect of CPA was not observ ed in the present study, the possibility of direct inhibition of Ca 2+ release channels can not be ruled out. Further studies will be re quired.
Finally, the present study supports the func tional intracellular Ca 2+ release contributing to generation of long-lasting AHP in sympa thetic neurons. CPA may be a useful pharmaco logical tool to study the function of caffeine sensitive Ca 2+ stores for intracellular Ca 2+
buffering in neuronal tissues as well as in mus cles.
